The rate constant k for the gas-phase reaction of atomic hydrogen with 1,1,2,3,4,4-hexafluoro-1,3-butadiene has been measured over the temperature range 290-1010 K by time-resolved atomic resonance fluorescence using H 2 O and NH 3 as precursors, at argon pressures of about 30-140 mbar. Over the range 290-620 K a positive activation energy was observed, k ) (3.40 ( 0.34) × 10 -11 exp[(-16.7 ( 0.4) kJ mol -1
Introduction
This paper describes the first kinetic studies of the reaction of atomic hydrogen with C 4 F 6 , perfluoro-1,3-butadiene or 1,1,2,3,4,4-hexafluoro-1,3-butadiene, and the overall rate constant k 1 . This work was motivated by the possible application of C 4 F 6 as a nonglobal warming fluorine precursor for plasma etching, 1,2 where reaction 1 may be significant when hydrogen species are present. Reaction 1 is a likely consumption path if the effluent stream is subject to incineration. C 4 F 6 may also serve as a surrogate for perfluoroisobutene, a highly toxic product of incomplete fluorocarbon combustion, 3 in the context of the design of effective incineration processes.
As discussed below, the experiments reveal distinctly nonArrhenius behavior, which we interpret in terms of a change in mechanism. At low temperatures addition of H atoms may create a substituted butenyl radical, a process that reaches equilibrium at higher temperatures so that the thermochemistry can be assessed. At even higher temperatures we speculate that an observed increase in the overall rate constant reflects fragmentation of the adduct to further products.
Experimental Section
Detailed descriptions of the experimental apparatus and modifications for H-atom detection have been given elsewhere. [4] [5] [6] [7] The atomic H was produced by pulsed photolysis of NH 3 or H 2 O in a large excess of C 4 F 6 diluted in Ar bath gas by flash lamp radiation focused through a MgF 2 lens. The relative concentration of H atoms was monitored by time-resolved resonance fluorescence at the Lyman-R wavelength, 121.6 nm. This probe radiation was generated by a microwave-excited discharge lamp with a slow flow of 0.2% H 2 in Ar at about 0.27 mbar. The reaction zone is defined as the intersection of the photolysis and probe beams. Fluorescence from the reaction zone was detected with a solar-blind photomultiplier tube used with pulse counting and signal averaging. Typically 100-2000 fluorescence vs time profiles were accumulated at each set of conditions, with a repetition rate of 1-2 Hz. The temperature T of the gas in the reaction zone was measured before and after each set of measurements with a sheathed, unshielded thermocouple, corrected for radiation errors of up to 10 K, which is expected to be accurate (( two standard deviations, σ T ) to within 2%. 8 All experiments were carried out in a large excess of Ar bath gas at a total pressure P. The C 4 F 6 and H-atom precursor (NH 3 or H 2 O) concentrations were derived from P, T, the mole fractions of these species in Ar mixtures, and the gas flows measured with calibrated mass-flow controllers.
The where k diff accounts for any loss of H atoms out of the reaction zone other than by reaction with C 4 F 6 , mainly via diffusion to the reactor walls, and at high temperatures, by reaction with the H-atom precursor, 9 as well as reaction with any photolysis fragments. The constant k ps1 was obtained by fitting the recorded fluorescence intensity I f versus time t profile to an exponential decay over typically at least four lifetimes:
where A reflects the proportionality between [H] and the resonance fluorescence and B represents the constant contribution from scattered light in the system. Our fitting procedure for I f (t), which simultaneously determined the parameters A[H] 0 , B, and k ps1 for each exponential decay, has been described * Corresponding author e-mail: marshall@unt.edu.
elsewhere, 10, 11 and it propagates coupling between the parameters into the statistical error estimate for k ps1 . A check on the fit is that the value of B matches the signal measured before triggering the flash lamp. The second-order H + C 4 F 6 rate constant k 1 was determined at a given set of conditions by linear fitting of k ps1 versus typically five values of [C 4 F 6 ]. To verify that pseudo-first-order conditions were attained, the flash energy and precursor concentrations were varied to alter the initial radical concentrations. The reactants flowed through the reactor so that each flash lamp pulse photolyzed a fresh reaction mixture. The rate of sweeping gas through the reaction zone was slow compared to the reaction time scale of the H-atoms. The average gas residence time in the heated reactor before photolysis, τ res , was varied to check for possible pyrolysis of C 4 F 6 .
Results
A typical exponential decay of fluorescence is shown in Figure 1 , as are representative plots of k ps1 vs [C 4 F 6 ] over the temperature range studied, 290-1010 K. At zero reactant concentration the decays remained well-described by exponential fits, i.e., the kinetics remained effectively first-order. The linear fits to these plots of k ps1 vs [C 4 F 6 ] passed close to the k diff measurement obtained with [C 4 F 6 ] ) 0, which ranged from 80 s -1 at low temperatures and high pressures to 870 s -1 at the highest temperature and low pressures. The slopes of 48 of these plots yield the k 1 values listed in Table 1 , together with the statistical uncertainties. Good linearity in these plots leads to small σ k /k values. These uncertainties σ k are obtained from weighted fits to the plots of k ps1 vs [C 4 F 6 ] , where the uncertainties in the exponential decay analysis and the propagated contributions from pressure, temperature, and flow, derived from our own calibrations and the instrument specifications, were taken into account. Also shown are the experimental parameters T, P, τ res , the energy discharged in the flash lamp E, and the concentrations employed. As may be seen from Table 1 , there is no significant variation of k 1 with E (typically varied by a factor of 2), or the concentration of the photolytic precursor (varied by up to a factor of 4). Although we do not obtain information about the absolute value of [H] 0 , these two factors influence the initial radical concentrations. Figure 2 , an Arrhenius plot of the k 1 data, shows that points with different [H] 0 and/or different precursors lie on the same curve. This indicates that pseudo-first order conditions were attained and that reaction 1 was successfully isolated from secondary chemistry involving photolytically or chemically produced species and any interaction between a precursor and C 4 F 6 . The independence of k 1 from τ res , varied by a factor of 2-4, especially at the higher temperatures, shows that pyrolysis of C 4 F 6 did not interfere.
There are clearly three regimes in Figure 2 . A weighted Arrhenius fit to the data at T < 620 K, which takes σ k1 and σ T into account, yields
The quoted errors are 1σ and are statistical only. Consideration of the covariance leads to a 1σ precision for the fitted k 1 (T) of 3-6%. For flow systems, consideration of possible systematic errors in calibrations and measurements leads to an estimated accuracy of 10-15%. 12 Here we allow for (10% and combine this in quadrature with the worst-case 2σ to derive a 95% confidence interval of (16%.
A similar analysis of the high-temperature regime at T > 700 K leads to with a 1σ precision of 3-6% for k 1 (T) and a 95% confidence interval, allowing for possible systematic errors, of (16%.
In the intermediate regime, 660 K < T < 680 K, fluorescence decays remained approximately exponential and k 1 dropped rapidly with temperature, with an effective activation energy of about -84 kJ mol -1 . This regime is considered in more detail below.
Discussion
4.1. Low-Temperature Regime, T < 620 K. Under our conditions C-F bonds are essentially inert to direct H-atom attack (F-abstraction has a high energy barrier and the rate constant is less than 10 -18 cm 3 molecule -1 s -1 at 1000 K), 13 and a plausible path for reaction in the low-temperature regime is addition to a π bond followed by collisional stabilization. 
Two initial adducts are possible, corresponding to addition to a terminal or central carbon atom:
To make a qualitative assessment of which adduct is more likely, we have derived the geometries, vibrational frequencies and energies of the reactants, transition states, and adducts at the HF/6-31G(d) level of ab initio molecular orbital theory. Computations were carried out using the GAUSSIAN98 program. 14 The results are shown in Figure 3 , Table 1S of the Supporting Information, and Table 2 . Because of the modest basis set and, in some cases, significant degree of spin contamination (〈S 2 〉 greater than the ideal value of 0.75, see Table 2 ), energies at the HF/6-31G(d) geometries were recalculated using density functional theory with a larger basis set, denoted B3LYP/6-311G(2df,p). As may be seen from Table 2 , structure 2 is calculated to be about 60 kJ mol -1 more stable than structure 3, in line with an argument that the radicals are electron deficient and the more substituted radical center is stabilized inductively by the substituents. There is a somewhat smaller barrier to addition to form 2 rather than 3, i.e., the transition state 7 is calculated to lie about 3-14 kJ mol -1 below transition state 8. These differences are not large and the B3LYP/ 6-311G(2df,p) data are unlikely to be quantitatively accurate, and we speculate that over much of the temperature range 290-620 K a mixture of both adducts may be formed. Such addition reactions are in principle pressure-dependent when collisional stabilization of the initially excited adduct by the bath gas, Ar in our experiments, is rate limiting. We have investigated the likely pressure dependence of channel 1a via RRKM theory, 15 using the UNIMOL program. 16 The threshold energy for dissociation of the adduct was set to be 123 kJ mol -1 (this value includes the bond strength, see later, plus an energy barrier to match the activation energy in the reverse direction, eq 4), and its Lennard-Jones parameters were assumed to be similar to those for C 4 F 6 : σ ) 5.9 × 10 -10 m based on additive atomic volume increments 15 and /k B ) 340 K based on the boiling temperature 15 of 280 K. 17 For simplicity all internal degrees of freedom in the adduct 2 and TS 7 were treated as vibrations in the RRKM calculations, and, because we deal with a tight transition state close to the high-pressure limit, overall rotations were not separated into active and inactive modes. The results suggest that at 290 K the falloff pressure, defined as the pressure P where k 1a (P)/k 1a (P ) ∞) ) 1/2, is less than 0.1 mbar of Ar, so the present measurements are essentially at the highpressure limit. The corresponding preexponential factor for recombination was calculated to be 3.3 × 10 -11 cm 3 molecule -1 s -1 at 298 K, which is very close to the measured value in eq 4. At 620 K, with 〈∆E down 〉 ) 493 cm -1 , the falloff pressure is around 2.5 mbar of Ar and the present work, conducted at higher pressures (see Table 1 ), is in the falloff regime but close to the high-pressure limit, as illustrated in Figure 4 . The predicted pressure dependence would be small, with the RRKM values of k 1a at 68 and 136 mbar changing by only 4%, consistent with the lack of observed systematic variation with P. At this temperature the measured recombination rate constants are predicted to lie around 5-10% below the high-pressure limiting values.
We note that our measurements yield a substantial positive activation energy for a recombination reaction, (1a) and/or (1b), of about 17 kJ mol -1 , which is somewhat larger than that observed for H + π-bonded carbon in simple hydrocarbon systems. For comparison, H + ethylene has E a ≈ 9 kJ mol -1 in the high-pressure limit at 298 K. 18 The computational results in Table 2 confirm the presence of significant barriers along both H-atom addition pathways.
A 1,2 hydrogen shift would lead to isomerization between the adducts 2 and 3. We have investigated this possibility computationally and characterized the transition state 9 for this process (see Figure 3 and Table 2 ). Apparently the geometry constraints of the 1,2 shift lead to bonding by H to the carbon atoms at unfavorable angles, and the high barrier means that dissociation rather than isomerization is the more likely fate of the adducts.
4.2. High-Temperature Regime, T > 700 K. As noted in the previous section, direct attack by H on a C-F bond seems unlikely. We speculate that an addition-fragmentation mechanism may operate at high temperatures:
where the overall observed rate constant, summarized by eq 5, is the product of the concentration equilibrium constant for adduct formation K c , equal to the ratio of forward and reverse rate constants, and the rate constant for adduct fragmentation, defined here as k 6 . The nature of the fragments is unknown. We note that fission of the central C-C bond of structure 3 would lead to the perfluorovinyl radical C 2 F 3 and the stable trifluoroethylene molecule, C 2 F 3 H. Similarly, structure 2 could lead to the same products if C-C fission is concerted with a 1,2 hydrogen atom shift. Combination of ∆ f H 298 for these two fragments, -220 19 and -474 ( 8.4 kJ mol -1 , 20 respectively, with ∆ f H 298 (H) ) 218 kJ mol -1 and ∆ f H 298 (C 4 F 6 ) ) -942 kJ mol -1 , 20 yields an overall reaction enthalpy for reaction 6 of ∆H 298 ) 30 kJ mol -1 . This endothermicity compares well with the measured activation energy of 34 kJ mol -1 , although there is considerable uncertainty in ∆H 298 , which we guess to be at least 20 kJ mol -1 . The accord does not mean the fragments are uniquely identified, but it indicates that the general scheme of eq 6 is plausible. Analogous products, with F replaced by H, were proposed for the high-temperature reaction of H with butadiene by Benson and Haugh. 21 4.3. Intermediate Temperature Regime, 660 K < T < 680 K. We suggest that the abrupt drop in the overall rate constant k 1 is caused by adduct formation coming to equilibrium. As the temperature is raised close to the point where H-atom addition becomes thermodynamically unfavorable, only the most stable adduct 2 will be formed. Isomer 3 will dissociate more quickly and not contribute to net loss of H atoms here. The rate constant k -1a for the endothermic dissociation of 2 has a large activation energy, so that at slightly higher temperatures the reverse of 1a becomes significantly faster and H is no longer consumed via channel 1a. Over a narrow temperature range both adduct formation and dissociation are comparable. Over this range we consider the following mechanism quantitatively: Solution of the rate equations via the Laplace transform method yields where Fluorescence decays were again fit to the form of eq 3, where now [H] is described by eqs 7-9. There are only three variables to be adjusted in this fitting: A, B, and k -1a , and these were varied directly to minimize the root-mean-square deviations between observed decays and eq 7. An example is shown as the inset of Figure 5 , and we were intrigued to see how an apparently exponential decay could be well represented as a biexponential, eq 7. The other parameters were found as follows: k 1a was obtained via a short upward extrapolation of eq 4 while k 6 was derived from a short downward extrapolation of eq 5, coupled with application of the scheme shown in eq 6, i.e., k 1 (T) for T > 700 K ) K c k 6 , so that , and k diff was obtained from decays with zero reactant concentration.
The results of this kinetic analysis are summarized in Table  3 . The concentration equilibrium constant for adduct formation K c equals k 1a /k -1a , and from this we calculated the equilibrium constant K, which is dimensionless and is defined relative to a standard state of unit activity for 10 5 Pa. The temperature variation of K contains thermochemical information. Because of the short temperature range we employ a "third-law" analysis, illustrated in Figure 5 . This is a van't Hoff plot where the intercept is fixed at the statistical mechanical value of ∆S 298 /R ) -9.17 J K -1 mol -1 for channel 1a. Statistical mechanics were also employed to derive the temperature variation of ∆S and ∆H, to obtain the correction added to ln K in Figure 5 , equal to about 0.4:
where Ab initio input data were taken from Table 1S , and corrections were included for hindered internal rotors in the reactants and (11) products identified via the algorithm of Ayala and Schlegel, 22 as implemented within GAUSSIAN98. 14 The slope of Figure 5 yields ∆H 298 ) -111 kJ mol -1 for reaction 1a, with an estimated uncertainty of (7 kJ mol -1 based on the 2σ error bars for ln K. This is minus the bond dissociation enthalpy (BDE 298 ) for the adduct, and, for comparison, the BDE 298 in the ethyl radical (leading to the analogous products H + CH 2 dCH 2 ) is 150.2 ( 0.9 kJ mol -1 . 23 Apparently the electronegative substituents in the perfluorobutadiene system destabilize the radical adduct and/ or the limited conjugation between the two π bonds in the reactant is lost upon addition of an H atom. The conjugation in C 4 F 6 is only partial because the lowest energy configuration is nonplanar: steric repulsions between the terminal CF 2 groups lead to a dihedral angle along the carbon backbone of 53°rather than zero. We stress that the above analysis depends on the correctness of the assumed mechanism. Sato and co-workers have drawn attention to the facile 1,2 migration of F atoms in chemically activated fluoroethyl radicals. 24, 25 If such processes occur in the present system, then three further isomers of C 4 F 6 H would be accessible and geometries of 4, 5, and 6 are shown in Figure 3 . Table 2 indicates that 4 and 5 are less stable than 2 and 3 and therefore are not important, and that isomer 6 is the most stable of all. The greater density of states in the larger systems studied here will tend to make such isomerization less important, but we cannot rule it out completely.
Conclusions
The kinetic measurements reveal distinct non-Arrhenius behavior for the reaction of H with C 4 F 6 , whose rate constant increases up to 620 K, then drops, then increases again above about 700 K. These results can be rationalized in terms of a low-temperature addition channel, which comes to equilibrium at around 670 K, with a fragmentation pathway becoming important at higher temperatures. A fit to the kinetic data in the equilibration region yields the bond dissociation enthalpy in the more stable adduct, which density functional calculations suggest is CF 2 H-CF•-CFdCF 2 . Figure 6 summarizes the results of this study schematically and shows the relative energies of reactants, transition states, and products obtained via experiment and/or calculation. 
